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fuaairy 

This  papor  raporta  •gpmtimimf  oa  aa  aaataaOy  tarMUntt  boaafary 
lapac*  ftm  opatraaa  portloa  of  tho  flow  it  ttmiiif  (IH  Clia  iiiail}*  u 
tba  donmatroaa  rotloa»  tlio  booadary  lapar  aaaa  a  ItMarlp  doetoaoiii 
fraa>atraao  aalocitp.  Thia  aaloettp  oaelUaUM  ia  tiaa,  at 

fraqoaaelaa  caoglag  froa  saro  to  approaiaatoly  tba  boiritlat  fcaqaoaep* 
Coaaldarabla  da  tall  la  raportad  for  a  lonfaaplitada  eaaa»  aof  prallialaai^ 
raoulta  ara  glaaa  for  a  blgbar  aiplltada  aafflelaat  to  prodaea  aoaa  ro' 
aarsa  flow.  Por  tba  aaall  aaplltoda,  tba  aaaa  aaloeitp  aad  aaaa  tarba* 
laaea  Intaoaltp  profllaa  ara  uaaffaetad  bp  tba  oaelllatloaa.  flia 
aaplltada  of  tla  parlodle  aaloeitp  eeapoaaat,  altboagh  aa  aaeb  m  70X 
graatar  than  that  la  tha  fraa  atraan  for  aarp  low  frafBaaeloa«  bafeoaaa 
aqaal  to  that  la  tha  fraa  atraaa  at  hlghar  fraqaaaelaa.  At  high  txmtpmar 
elaa,  both  tha  boaadarp  lapar  thlekaaaa  aad  tha  lapaoldn  atraaa  dlatrlbar 
tloa  acroaa  tha  boaada^  lapar  baeeaa  froaaa.  fha  bahatlwr  at  larger 
aaplltada  la  qalta  alallar.  Moat  laportmtlp,  at  aafflalaatlp  high  tea* 
qaaaelaa  tha  boaadarp  lapar  thlekaaaa  raaalaa  froaaa  at  Ita  aaaa  walaa 
owar  tha  oaelllatloa  epela*  aaaa  thoagh  flow  ravaraoa  aaar  tha  wdLl  dariag 
a  part  of  tha  epela. 


Introdactloa 

Tha  objaetlwaa  of  tha  itaaford  Oaataadp  ihrbaloat  MmUXf  Upar 
Pragran  arat  to  davalop  a  fwadaaaatal  aidaratiadlag  of  aaeh  Oxm',  to 
prowlda  a  deflalUwa  data  baaa  whleh  eaa  ba  aaad  to  gaide  tarhalaata  oiial 
dowalopaaatt  aad  to  prowlda  toot  oaaoa  whleh  eaa  ba  aaad  ip  naagatiita  fhr 
ee^^rlaoa  with  pradletloaa. 

Doe  to  apaea  llaltatloaa*  work  of  other  lawaotlgatom  atii  hat  he 
aanaarlaad  hare,  aneapt  to  note  that  all  tie  ptawloaa  iiigwciwiii  aio 
eharaetarlaad  bp  waotaadp  flow  at  tba  lalat  to  the  aaataadp  ragiaa.  W&t  a 
eoaparlaoa  of  tha  praaaat  aaparlaoatal  paraaater  raaga  witfi  liMba  if  eihht 
lawaatigatlano,  ooa  lafaroaea  1.  Ttm  dlotlaeihLwa  iaitiM  of  Hi  gaeoiaat 
aaparloaata  ia  that  tha  beaadarp  lapar  at  tha  DAat  to  tia  oiaafiad|f  >0|dt^ 
la  a  otaadard,  ataadp.  flat-piata  tarhaUat  haaildtf  tapof*  It  ia  ttao 
aohjaetad  to  aantrallad  aaelitatloha  of  tha  floe  mmm  ia 

aapaelallp  topartaar  ttm  tha  palat  of  wiaa  at  a  Otaplhaak  iha  iMie  foa* 
claa  apaalflaatlaa  at  haaadarp  aeaditiaaa  far  aagpotatlao  of  tha  flaia* 


*0.  s.  Arap  datoaaahaalaa  laiaaataty,  Mitam  Cih  iHii 


Oondl 


tlott  •£  tl»  fit— at  ligiMPtowit 

TIm  dMlmd  fnMr»«crMB  iwlMitf  lyCSfC)  ^  ^  mwt  vmiml  iMsUt 
for  tida  oock  la  almai  la  Fig*  1«  a*  raaalna  ataair  aai  oat  fata  far  cka 
flrat  too  aatara  of  baoaiary  lafar  aaaatafaaat*  It  tiwa-faeraaata  UA” 
oarly  la  tba  taat  aoetloas  tba  a^i^toia  of  tha  oaloelCT  yraJlaat  oarlaa 
alaoaoldally  froa  aaro  to  a  — oaloa  dorlag  tha  oaclllatlaa  afcla* 
Tha  aaaa  frao-atroM  ooloelty  tflatrlbotlaa  la  tha  taat  aaetloa  la  thoa 
llaaarlj  daeraaalaf  aad  eorraapoala  to  tha  dlatrlhatlaa  at  tha  afela  ^Maa 
ai^  of  90*,  ohlla  tha  aapUtate  of  .lapoaad  froo^atraaa  oaelUatlaoa 
greoo  Uaoarly  la  tba  attaaaataa  dlroetloa,  atartlog  at  aaro  at  tha 
aatraaeo  to  a  aaalasa  valoa  of  a^  at  tha  aalt*  Haoea, 

i^,(a,t)  •  ^  *0 

-  "s. - “3 • 

Tha  iaportaat  paraaatara  of  thla  problaa  ara  tha  aa^lltoda  pataMtar 
a  •  ‘o^***^  ^  fraqoaaep  paraoatart  f^^/a^  9hro  f  * 

«t/(2v)  aad  la  tha  thlekaaaa  of  tha  beoadary  layor  at  tha  lalat  to 
tha  oaataady  ragloB.  la  tha  praaaat  Mcparlaaatai 

-  0,73  a/a,  •  0.05  a,  0  <f  <  2  ha,  0  <  o  <  0.25,  0  <  9g  <  O.U 

It  ahoold  ba  aaatloaad  that  tha  oalaa  of  tha  frogoaoey  paraaatar  ig 
at  tha  ao*«allad  "baratlat  frofoaaey*  la  tarholaat  boaadary  layara  la 
about  0.2  {2].  Ihua  tha  tarTiTnf-  oacUAatloa  frodaaaclaa  ‘oaad  la  tkt 
praaaat  oaporlaaata  coror  tba  raaga  fraa  qoaal^atoady  (f  ■  0)  to  ualoaa 
approachlag  tba  boratlag  froqaaacy.  lha  raaulta  rqportad  hm  ara  for  taa 
aomdlaoaaloaal  aaplltodoa,  a  •*  0.05  aad  0.25  (aaalaally)*  9m  lattar 
la  aufflclaat  to  eauaa  rovoroo  flow  la  a  tarholaat  boaadary  layur  at  tha 
aad  of  tha  taat  aaetloa  durlag  a  pMrt  of  tha  cMalUatlaa  eyela. 

laaariaaBtal  Ihalliey 

ngura  2  la  a  aehaaatla  of  tha  faalUty.  fha  Idtl  aaoaia  eaatraetiaa 
la  folloaad  by  a  2  a  lagg  daralapoaat  aaetloa,  aharo  tha  taat  bafAdhty 
layar  la  greoa  aa  tha  tap  aall.  A  eaaataat  haad  aad  a  aaaataat  iMt  ear 
alataaaa  i^ovldo  a  eaaataat  flea  .  Tha  fraaratetaa  ynAmAtf  la  tha  daoi^*^ 
ofoaat  aaetloa  la  aatatalaad  aalfata  alaag  a  by  hlaad  fern  tte  fiidaii 
aall. 

Tha  Uaaar  daaroaaa  la  ftoaratraaa  rolaalty  la  tha  taat  .aaaiiaa  'la 
aaeappUahad  by  oaifaaoly  hlaail^  off  aaM  flaa  thaatih  da  Mttidi 
la  tha  taat  aaetloa.  tta  raaatadar  of  tha  flaa  aalti  daaaateadiiiii  i^ih  J|‘ 


^lliM  CHO  flows  SKltO  tiMI  jhWISOl  ttSSStfc  SlStS  iS  OS  ssoiHstlwg  il*»0» 
Xte  dssi^  ssswtss  tlMit,  rstsmUsss  oC  cto  »sstt*is  of  «ii  MMUMki 
puts,  -tte  totsl  flow  scss  sf  Urn  •!««»  Witso  «iw  iMM*  flitt  lAsti  «tfh 
tlio  eoatcoUlig  rssiotosos  of  clis  osUts  aOMM.  si«osl«»  kiww  llsi  soiiMiiiifc 
flow.  oinssoldslly  osoillottst  jlsss,  *  liwossly  fostssolit-^#lii>* 
o41c  ffso-otroow  fiscsibsCiOB-to  ootrobHoiMf  is  Oho  toot  osotioii«  ibilii 
tiM  opotrowo  flow  is  tlw  dowoloyost  osetios  rowotwo  otsofy. 


Fltoc  taboo  oto  wood  fy  oooa  ooloelty  wMuntfowooto  ia  otoofy  flow 

oeottor,  Bragf-obtftod  OltA  looow  oawowwtot  lo  tbo  teroofciot  wodo. 

foUowiog  Aiooolo  ood  loyooldo  (3),  tbo  iootoatoooooo  ooloelty  o^iol 
froo  oa  oostoody  tarboloot  flow  aoy  bo  doeooyoood  iato  thcoo  portot 


o  •  o  ♦  o  ♦  o* 


wboro  tt  lo  tbo  aooo,  8  lo  tbo  tlaordopoodoot ,  orgoaiood  (dototwlatotle) 
eoyoaostt  ood  a*  lo  tbo  roadoa  flootoottoo.  T  lo  dotocaload  by  loa|r 
tlao  ooorotlOi  of  a.  loro  II  lo  of  a  porlodlo  ootoaco  oad  aoy  bd  dotor* 
alood  by  flrot  pbooo-oworoglag  tbo  lootoatoaoooo  voloelty  olgaol  ood  tb«i 
oobtroetlot  oot  tbo  aooo.  1bao» 

a  -  <  o  >  -  o  a> 

Boro  <  o  >»  tbo  pbooo  ororogo  ooloelty*  lo  dototalaod  by  ovotogiog  ooor 
oa  oBOoablo  of  ooaploo  toboa  at  a  flood  pbooo  Uk  tbo  lapoood  ooctmoHytoa. 
la  tbo  proooot  oaporlasata*  wltb  boraoalc  ooelllatloa  of  tbo  froo  ottOdWt 
tbo  roopoooo  at  fvUm  aitbla  tbo  boyiirry  loyar  lo  olaodt  itwaiitiW!» 
with  Ugbor  botwooloo  ooatrtboUBI  lodo  tboa  SI.  lBaeo» 
oBtraetod  fna  tbo  lootMtoadoot  i^ool  a  by  dddiftdWWlittdd  b 
olaa  oova  la  pbooo  odtb  tbo  oooyHirly  A  digitol  ooyrolKlir  311^) 

woo  odoi  to  dotonHao  troy  ooddolotitid  Itdtfii  •»  tta  1  dili  raidHif 
boro.  Oomotly  o  wm  UK^ll  IdiiwUidy  wioltf»dtt»  iqwbtb  ii  dboi  folf 
aotoaotio  data  dofoialtboa  oaf  ytoidotiag,  aHwWtlg  till 
pbooo  aootagoo  of  a  aad  a*^. 

loeatloB  mm  tbo  oaf  of  tbo  toot  oadtiy  at  a  •  •  ••Sil  «• 


SiM  m&m  ^mloeitj  pnfiiM  mmmernt  tit  ogtlllflnf  piMi  la 
f&Mi  pBittKat  •  •  0,  to*.  100*  m»  fit  Mwi  tttt—  la  fit*  ^* 

fhaM  fiijtii— flaMi"iatrgert  ftfilaa  twt  ffftiataif ,  >  fant*- 

•tMtjr  pi^llat.  At  tfeia  jailiuHi  (a  «  O*!^}.  ^  twptatt  »f  tla 

baaaiMfy  laiar  is.id«Mt  ll—w.  M^ttit  tla.|aiiiAa^itriittiiBllii  t«  •  • 
to*  llM  Mwrlr  aitfaiqr  tetawa  tiM  •  0  ait  100^  pt^iliM.  Hit  tO* 
prefU*  raprasMt*  tte  aan  fitma  ftt  ftatl-itiaOy  oaetl3U|tiaai*  ^ 
dlffwaaea  batwMa  tlM  0  aad  tO*  pcafllM  at  a  flaad  T^locsatiea 
ra^aaaata  tha  aaplitoda  of  qaaat^taiiOt  oaeillatlaat  at  tHit  laiatlaa  la 
tlM'toaaiarj- layar.  ilei»  that,  tlai  thMi^ttaaOr.iOtiltataa  la  tha  iNMatary 
Imfut  mem  largar  tfaaa  tha  fraa-atcaaa  aagdlthda* 

Tha  BMa  aaleel^  prof ilaa  aaaaaroi  oailr  oaeiUatarf  oaaiAitiaaa  at 
0*S  ha  and  2.0  ha  ara  ahaaa  aa  data  pelata  la  fig.  3.  Oota  ^t  tha 
aaaa  raloelty  prof ilaa  ae  rarioaa  fraqaaoeiaa  ara  Idaatleal  wltlb  tha  pro^ 
fUa  oaaaorad  uadar  atatloaary  eeadltloa  alth  palaar  aagla  aat  at  t 
90*.  It  aaj  ha  eoaelodad  that  tha  aaaa  raloeitj  ^flla  (at  a  fitad  aar 
plltada  a  •  O.OS)  la  iadapaadaat  of  tha  li^oad  aaelllatlaa  frataaaej  ia 
tha  aatira  raata  0  £f  ^2  ha.  Tha  aaaa  bahavlor  paraiata  all  tha  a^T 
to  tha  aall. 

Thla  -hoharior  of  tha  aaaa  raloeity  profUa  aap  ha  aaplalaaf  tp  m 
asaaiaatioa  of  tha  •ooaraiai  aqaatlaaa.  Oaa  of  (1)  la  tha  aaaaataa  ofoa- 
tlaa  aad  tlaa-araraglat  plalda  - 


■taatlaa  (3)  aap  ha  racagalaad  aa  ^  afaattaa  gaaafaiai 
halaat  haaadary  lapw.  aaaapt  far  tha  aOOltiaa  of  tha 
rapraaaata  O^rdatiia  attaaaaa  ariatag  faaa  tha  aapaalaai  4 


doM  of  tha  upaaal  ai 
for  f  •  0  at  0  • 


•  lha 


if  aoB  at 


ia  '^aaOai'aill^' 


•  lha  oafoaiia 


alth 


mgm 


«•  stMll  M»  «rgiM  that  Mltter  of  tho  obooo  it  aot*'"  VigttM 

4  obaw  tbi  Moourod  ttocrlkoefim  of  oj^  uaAmc  otitioiiwa^  oooiici^ 
with  tlM  poloor  at  •  •  90*  (tho  mob  pooitloa)  oB  Mil  ai  tllaaa  aaa- 
aavoA  tndar  oaelUatocy  eoadltlaaa  at  <«oqMdrtaa  vf  M  2  ha.  loca  tkat 
9^  la  lad^^mdaat  of  tba  lapaaM  oaottlatioa  froqaaaey  aa^  f«tthag» 
that  It  la  tha  aaaa  aa  that  aaaaatad  at  f  ••  0  aad  9  •  90*.  Vt  biilaiM 
that  tha  aaaa-aaald  ho  traa  fM  ahtah  at  proaoat  aa  eaaaot  aaa- 

aura.  ficora  5  glaaa  a  coi^arlaoB  hataaoa  Maaocad  aaiaaa  of  ^  at  2  ha 
alth  data  oa  -  a*a’  ohtalaod  hf  Aadoraott  (4]  la  a  atoa4y  advoraa  proaowa 
gradlaat  boaadary  layar  at  eoaiparahla  eoaditloaa.  Iha  i^aaaat  data  oa 
Sa  aara  .obtaiaod  -hy  -aopatato:  1S4  BoaaavMoata  of  a  aad  ▼  aad  thatr 
roapaetlaa  phaaaa.  It  my  ba  aaaa  that  tha  eoatrlbetloa  of  ua  to  total 
layaolda  atroaa  la  laalgalfleaat  oaar  alaoat  tha  Mtlra  boaadary  layar* 
Baaea*  0*0'  la  ladapaadaat  of  fraqoaacy  aad  w  la  aagllglhla,  aad  ae 
tha  aaaa  aaloelty  proflla  la  alao  ladapaadaat  of  fraqaaoey  aad  la  tha  aaiM 
aa  that  fotaid  at  f  ■  0  with  9  ■  90*. 

Iha  bahovlor  of  tho  parlodle  eo^oaaat  0  will  aaxt  ba  aaoalaad.  Ha 
daaota 

®  •  ^(y>  coalat  t  4(7))  (4) 

Tha  profUaa  of  aaplltodaa  a^  aaaaarod  la  tha  boaadary  layar  aad  aesaal- 
laad  by  tha  fraa-atraaa  aaplltada  a^^«  ara  ahcnm  la  Tig*  6*  Tha  proflla 
for  qoaal'ataady  <f  •  0)  oaelUatloaa  aaa  dotoralaad»  aa  aaplalaad  a«r* 
liar,  fr«a  tha  aaaa  valoclty  profUoa  aoaaorad-at-  f  •  0  with  9  a  0, 
90*,  aad  190*  (aaa  flga.  3(a),  (b)).  Hoto  that,  Mrlag  qaaal*>aMady 
ooclllatloaa,  tho  aaplltada  la  tha  boaadary  layar  aacaada  tha  frao-atrata 
aaplltada  by  aa  aoeh  aa  702.  It  aay  ba  aaatloaad  that  data  for  f  ■  0*1 
ha,  aot  ahooa  mi  fig.  9,  do  ladMd  eoaa  wary  elooa  to  tha  fqaal-atoa^ 
bahovlor* 

Aa  tho  fraqoaaey  la  laeroaoad,  tha  ohpUtada  olthia  tha  homida»T 
layor  la  attaaoatad.  Tha  aaplltada  appoara  to  dr^  aa  C  la  lawaaaad 
atad  thaa  rlaa  agala.  At  high  froqoaaelaa,  tha  aapUtaia  la  aaat  of  tha 
boaadary  layar  la  tho  aaaa  aa  la  tha  frao-’atraaat  aaar  tha  wall  tha  a^pll* 
toda  of  tha  parlodle  coapoaaat  r^ldly  dcapa  to  aaca* 

Tha  phaao  dlffaraaeaa  batwaaa  tha  boaadary  layia  ooalllatlaia  aai 
f raa-otraaa  oaelllatloaa  ara  ahowa  la  fig*  7.  far  f  •  0  thMa  la  aa 
phoao  dlfforoaaa.^  Tho  largaat  phaaa  logo  la  tim  aatat  roi^Uni  ad  tha 
haoadary  layar  Mra  ahaarvad  at  f  •  0*25  ha*  8Mi  iiiiat  W 
tho  fraqoMcy  la  to  rodoea  tha  phaaa  lag  th  tha  oMMt  togiaa,  hM  «a 
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iatredues  l«rt«  phm—  I— d«  la  tlai  tagioa  varj  eloaa  ta  tte  aaU* 
Claarly,  th*  aa^ivtotle  bahaalor  of  tbo  oattt.  r— for  high  frofoioeloo 
la  oaea  agala  a  aaco  phaaa  lag  with  raapaet  to  froo-atroaai  oaelllatloaa, 
aa  la  tha-^oaal-ataadr'oaaa. 

At  high  fragaaaelaa,  tha  aaohiaatloa  of  tha  aa]^totle  haharlora  of 
♦  Itt  tha  oatar  ragloa  tagathar  alth-thajeaet  that,  tha  aaaa 
aaloeltj  proflla  la  oaaffaetod  hp  tapoaad  oaclUatloaa,  haa  tte  offoet^f 
fraaalag  tha  bouadarr  layar  thiekaaaa.  Thla  4a.  ahaaa  la  Fig. -8,  »i»ta  tha 
phaaa-avwagad  beoadarj  lapar  rhlekaaaa  <  >  la  plottad  aa  a  foae- 

tloa  of  4ho..oyela:  phaaa  aagla.  f«r.  aavoral.  Jraqaoaelaa..  Tha  qoaalrataady 
hohavlor  of  -  <  «  >  ia  qulta:«hvloaar.  at  8  -  0,  tha..boaadarp.  layar 

la  tha  taat  aaetloa  eoatlaaaa^  to  daralop--aadar  a  aaro  -praaaora- -gradlaat 
aad  la  tha  thlaaaat  at  thla  polat  la  tha  aatlra  eyela<  Aa  tha  phaaa  aagla 
la  laeraaaad,  praaaara  gradiaata  of  ineraaaiqg  advaralty  ara  l^oaad  oa 
tha  haaadary  layar,  eaaalag  it  to  tblekaa.  Tha  aaalatat  thiekaaaa  la  at> 
l*lAod  at  8  "  180*  uadar  tha  aaaiaaB  adaaraa  praaaara  gradlaat.  Baoea, 
at  f  *  0,  4  oaelUataa  180*  oat  of  phaaa  with  a^. 

OOdor  aaalllatory  eoadltloaa  at  f  •  0.25,  0.5,  aad  2.0  ha,  two 

thiaga  happaat  a  algalfleaat  phaaa  lag  daralopa  froa  qaaal**ataady  bahawlor 
aad  tha  aiplttiida  attaaaataa  with  lacraaalqg  fraqaaaey.  for  tha  f  ■  2.0 
ha  eaaa,  tha  warlotloa  owar-  tha-coaylata..cycla-la  laaa.thaa  IX  aad  tha 
haaadary  layar  thiekaaaa  la  praetleaUy  froaaa  durli«  tha  oaelllatloa 
cyela. 

It  aay  ba  ahowa  by  a  alapla  argoaeat  baaad  oa  a  alzlag  laagth  aodal 
of  booadary  layar  tarbalaaea  that  tha  fraaalag  of  tha  booodary  layar 
thiekaaaa  at  high  fraqaaaelaa  la  alao  aeceapaalad  by  fraaalag  of  tha  lay- 
aolda  atroaa  owar  tha  oaelUatloa  cyela.  1b  prova  thla,  wa  hypothaalsa 
that  tha  phaaa-awaragad  layaolda  atraaa  dlatrlbatloa  aay  ba  ralatad  to  tha 
phaaa-avaragad  waloelty  proflla  la  tha  aaaa  aaaaar  aa  for  a  ataady  boaad> 
ary  layer,  l.a., 

-  <  a»w»  >  ■  «^  *  ^  •  **j*  ^  (5) 

■»«,  la  the  Qatar  rogloa  of  the  bnaadary  l^ror,  tha  alalag  laagth  1  aay- 

ba  aadalad  aa 

*  -  A  <  4.PP  >  <8) 

irtiera  1  ia  aaarly  a  eoaataat.  lab, 

<tt>  •  a  +  a  •  a  +  aj^(y>  eooCat  ♦  Hj>i  Of 
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ili  eiM  UaAt, 

«j(y)  ■  -  CMWt  t  ♦(y)  ■  0  apkl  <  «  >  -  T  gj  ■  eoMt. 


Iharttfora 

Co^ialng  tlM  «b«v«,  OM  flada 
-  <  u' 


X  «  >  .  as 
-TT - n 


n  -i2 


m  .  u^if» 


(•) 

,  Cf) 

<io) 


l.«.,  thi  plas^«^rat>d  Ityiiolda  atrsM  is.  tl»  outar  ragioa  also  baeoaaa 
fresaa  at  -  n*r*  • 

Bxparlsaatal  avldaaea  of  thia  atraaa-fraaalat  bataoTior  aaa  obtataad 
by  asaaorasaata  of  pbaao^aaorafod  aotaal  tarbulaat  atraaa  <  a*^  >•  Iho 
qoaal-ataady  (f  ■  0)  profUaa  of  <  u*^  >  ara  ahoaa  la  Fig*  9  for  tbroa 
phaao  aaglaa  9  >  0*«  90*,  aad  180*.  Rota  that  tha  dlatrlbatiOB  for  90* 
llaa  aoarly  aidaay  botvaaa  tboaa  for  0*  aad  180*.  lha  dlatrlbatloa  of 
<  o*^  >  for  90*  la  tba  aasa  aa  tba  dtatribatioa  of  a**,  aa  aaaa 
aarllar.  Iharafora,  tba  dlffaraaea  bataaaa  tba  0*  aad  90*  eorvaa  la 
fig.  9  rapraaaata  tba  anvlitada  of  qaaai’^ataady  oacillatioaa  of  <  a'^  > 
at  a^jr  polat  la  tba  boaadary  layor.  Ibla  sapUtoda  aaa  datatsiaad  graph- 
ieally  froa  llg.  9  aad  la  plottad  la  fig*  10  for  tba  eaaa  of  f  ■  0. 
Vadar  oaelllatotj  eoadltloaa,  tha  aapUtada  of  tba  aoraal  atraaa  oacil- 
latloaa  la  tba  booodary  layar  attaaoataa  aa  tha  fraqoaaey  of  lapoaad  or- 
elUatioaa  la  laeraaaod  froa  f  •  0.  At  f  •  2.0  ba,  tha  aaq^tada  of 
atraaa  oacillatioaa  aeroaa  tha  boaadary  layar  la  alaoat  aaro  oawr  tba 
oatar  ragioa,  aa  aaaa  la  Fig.  10,  l.a.,  tba  atraaa  la  aJsoat  ffoaia  vmt 
tba  oaclllatloa  eyela. 


Babariar  Bbdar  Israa  dsalitaiw  of  baaoaad  OiwUlaUoaa 

Rb  aaa  dlaeaaa  tba  c«M  of  o  •  0.25*  All  data  rdliartad  for  tida 

i 

eaaa  ara  prallaiaacy  aad  aiAjoet  t»  raalaiaa.  fbiqr  asa  laoladad  bare 
baaaaaa  af  thala  apaaial  lacaraat  aa  ebia  aaatlag.  Alaa*  baaaaaa  of 
apparataa  pacallatltlaa,  a  auriaa  . ■■■aaiat  aftidl  f'  is  tibta  eaaa, 
baaea  0.29  la  adly  a  aaaiaal  aatoa. 

lha  bahaaiat  la  gaalftatian^  alattlar  ta  tii  a  •  O.0S  OiM*  ^ 
aaaa  aalaalty  pcafUaa  fat  f  •  0«2S»  aad  2«0  la  ata«#pNi  la 


Fig.  11. 
0.5,  aad 


at  i  •  0, 
^MHa  la  a 


-7. 


2.0  Itt 


af  f  •  0.25, 


aciOD  MMlta  froB  aaMMlva  thlokanlm  of  tte  bowMtecj  lajar  durlas  a 
part  of  tte  oacillatioa  cpela  arooad  tte  pteaa  aagte.  of  IM*«  Xba  bloek- 
aft  affaet  of-  aB"OKoaaivoly  thtak  booadary  layor  -caoaoo  oa  iaetooao  -lo 
tte  local  froo-atroaB  ooloeity  lo  tte  taat  aoetioo*  Tliorofora,  tte 
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I  doalrod  llaoarly  doeroaaiag  froaratroao  roloel^  dlatrlbotloo  io  oat 

achlorod  ovor  a  part  of  tte  eyelo.  -  At  -hifter  froqooaelaa«-  tteogh,  tte 
braadary.  layor  thlckaoaa  oror  tte*  oatiro  -oacillatioa  eyelo  dovlatM  rory 
little  froa  Ita  aoao  aalaa,  eorraapoadiag  to  tte  9  90*,  f  ■  0  eoa- 

ditloa* 

Iho-boteaior  of  tte  ai^icoda  ratio  aad  phaaa  diffaroaeo  aith  roapoet 
to~ froa -atraaa,  aa  ateaa  ia-yipa*  12  aad  13,  ia  quite  aiallar  to  that  for 
tte  lOMor-aaplituda  eaaa.  At  high  fraquaaey,  tte  orarahoot  ia  tte  aapli- 
toda  ratio  diaappaara  aad  phaaa  aoglaa  ovar  aoat  of  tte  boundary  layer 
approaeh  aaro.  Vary  eloaa  to  tte  uall,  thara  ia  a  taadeaey  to  deralop 
pteaa  laada. 

The  phaaa-auaragad  ualoeity  profilaa  for  f  •  2.0  te  era  ahoim  in 
Pig.  14.  Note  that  at  6  •  180*  thara  ia  a  aaall  region  of  rauaraad  flow 
eloaa  to  the  wall.  Oaapita  thia  flow  rovaraal,  tte  boundary  layer  thlekr 
naaa  reaalna  eloaa  to  ita  noaB  walua,  aa  aaaa  ia  Fig.  IS.  Thia  bahawlor 
la  la  eontraat  to  that  of  a  otaady  boundary  layer,  where  aseaaaiwa  thick** 
aaing  of  tte  boundary  layer  oeeura  aa  flow  rewaraal  la  approached.  At 
low  fraqnaney  (f  •  0.25  te) ,  tte  thiekaaaa  oaclllataa  aa  -oneh  aa  ±  402 
about  tte  aean  value;  however,  at  f  •  2.0  te  thia  variation  ia  only 
about  ±  SZ. 


Concluaioua 

The  eoaelualona  froa  our  a^claanta  to  data  aay  be  auanarisad  aa 
foUowa: 

1.  The  aaaa  velocity  profile  te  tte  boundary  layer  la  uaaffaetad  by 
tepoaad  frawatreaa  oaeiUatioaa  te  tte  range  of  fraqueaelaa  aa* 
pl^rad,  aad  it  ia  tte  aaaa  aa  tte  one  aaaaurad  with  a  fraa-atraaa 
valoci^  diatributioa  held  ataady  at  ita  aaaa  value. 

2.  Ihia  behavior  of  tte  aote  valoeity  field  te  a  eouaaquanea  of  two 
otearvationai  (a)  tte  tiaa  avaragod  teyaolda  atraaa  diatributioa 
acmaa  tte  boaadary  layoa  ia  uaaffaetad  by  tte  tepoaad  oaeillatioaa 
aad  te  indaad  tte  aaaa  aa'  tte  oaa  aaaaurad  with  tte  frea*atraaa  val* 
oeity  diatributioa  hold  ytoady  at  tte  aaaa  value;  aad  (b)  tte  ■a]r‘ 
nelda  atroaaoa  ariaiag  fM  the  orgaaiaad  velocity  fluetuatioaa  under 
iapaaad  eaeillatory  eoaditloao  are  aagligibla  eeaparad  to  tte  tey* 
aolda  atrooaaa  due  te  tte  raadca  fluetuatioaa. 


HS 


3*  1b«  aaplltod*  of  tbo  porlodle  eo^oooot  ia  tho  boundary  layar  ondar 

qoaal-acaady  osclUatlona  (f  0)  la  aa  aneh  aa  70Z  largar  than  tha 
laposad  fraa>atraaa  aaplltuda.  Bouavar,  at  higbar  fxaquanelao  tha 
paak  aaplltuda  In  tha  boundary  layar  is  rapidly  attanuatad  touard  an 
aaynptotle  baharlor  wbara  aaplltndas  in  tha  outar  Taglon  of  tha 
boundary  layar  baeoaa  tha  aaaa- as -tha  fraa-atraan  aaplltuda »  dropping 
off  to  saro  la  tha  naar-wall  ragloa. 

4.  Quasl-ataady  boundary  layar  valoelty  raaponaa  la  In  phaaa  with  tha 
laposad .-.Irao-straaa  oscillations .  As  tha.  fraquaney-^ls  Ineraaaad, 
phasa  lags  bagla  to  daralop  .-In -rtha- .outar-  ragion-  of  -tha- boundary 
layar.  Tha  aagaltuda  of .  thla  phaaa  lag  raaehas  a  aasiaun  and. than 
daeraasaa  with  Ineraasii^  Jraquaney  until  .an  asyaptotle  llait  Is 
rcachad  idwra  tha  outar  ragion  ones  again  rasponds  In  phasa  with  the 
fraa  straan.  Maar  tha  wall,  howawar,  larga  laad  anglas  ara-  prasant 
at  higher  oscillation  fraquanclas.' 

5.  A  consaquanca  of  (3)  and  (4)  abowa  Is  that  tha  boundary  layar  thick¬ 
ness  baconas  nearly  froaan  over  tha  oscillation  cycle  at  higher  fra- 
quanclas.  This  ranalns  true  even  If  flow  rawarsal  takas  place  in  tha 
naar-wall  ragion  orar  a  part  of  the  oscillation  eyela ,  as  in  tha 
larga-anplltuda  ease. 

6.  A  consaquanca  of  (3),  (4),  and  (5)  above  Is  that  tha  Beynolds  stress 
distribution  In  the  outer  region  of  tha  boundary  layer  also  baconas 
frosan  over  tha  oscillation  eyela  at  higher  fraquanelas. 
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